Introduction {#sec1-1}
============

Transplantation of bone marrow mesenchymal stem cells (BMSCs) can repair injured spinal cord and improve neural function (Ide et al., 2010; Zhang and He, 2014). BMSCs are easy to isolate and culture and can differentiate into both neurons and neurogliocytes *in vitro* and *in vivo* (Naghdi et al., 2013). BMSCs exhibit low immunogenicity when they are autologously transplanted (Ide et al., 2010). However, after transplantation into injured spinal cord, stem/neural progenitor cells have a low cell survival rate (Gray et al., 2007).

Neurotrophic factors such as neurotrophins play an important role in neuronal survival (Huang and Reichardt, 2001). These proteins are crucial to the development of the nervous system because they control the considerable loss of excess neurons that fail to adequately connect to their targets (Thomas and Gorassini, 2005; David and Kroner, 2011). Neurotrophin-3 (NT-3) is a key factor in the regenerative environment and exerts a variety of physiological effects on nervous system development.

NT-3 can improve motor neuron survival in either a paracrine or autocrine fashion (Zhang et al., 2012). Additionally, it promotes the formation of neuromuscular junctions and axonal outgrowth (Fan et al., 2010; Yang et al., 2010). Many studies have shown NT-3 can maintain the survival of sensory, motor and sympathetic neurons (Boyce et al., 2012; Thomson et al., 2012; Solev et al., 2013). Treatment with NT-3 has been shown to enhance the sprouting of supraspinal tract axons when injected into the lesion immediately after spinal cord injury (Wood et al., 2009; Zhang et al., 2013). In this study, we investigated the ability of NT-3 gene transfected BMSC transplantation to repair spinal cord injury.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

BMSCs were isolated from male Sprague-Dawley rats aged 3 days. Forty-eight healthy female Sprague-Dawley rats, weighing 200--250 g and aged 6--7 weeks were used in the *in vivo* experiment. All rats were provided by Laboratory Animal Center of Xinxiang Medical College, China with license No. SCXK (Yu) 2008-0001. All rats were housed in plastic cages and subjected to a 12-hour light/dark cycle, and were allowed to move freely. The study protocol was approved by the Institutional Animal Care and Use Committee of Xinxiang Medical College, China.

Rat BMSC culture {#sec2-2}
----------------

Sprague-Dawley rats were decapitated after anesthesia by intraperitoneal injection of pentobarbital (30 mg/kg). The tibiae and femurs were removed from rats and dissected free of muscle. The bones were rinsed in sterilized PBS. The cut surface was placed facing the bottom of the centrifuge tube and the tube was spun at 800 × *g* for 15 minutes. The bones were removed and bone marrow tissues were washed with PBS. The cells were isolated and re-suspended in culture medium (Sigma, St. Louis, MO, USA) containing alpha minimum essential medium, 10% fetal bovine serum, 100 U/mL penicillin, 100 μg/mL streptomycin and 2 mL glutamine. Cells were cultured at 37°C, 5% CO~2~ to form colonies. Floating cells were removed with PBS, collected, centrifuged and re-seeded after 2 days. Cells attached on the extracellular cell matrix (SBS Genetech Co., Ltd., Beijing, China) were maintained for an additional 14 days. BMSCs were sub-cultured when they reached 80--90% confluence. The medium was changed every 3 days. Recombinant NT-3 (SBS Genetech Co., Ltd.) was embedded by adding 10 mg NT-3 plasmid to 1 mL 1% fetal bovine serum solution and trypsinized by 0.05% trypsin for 10 minutes. The reaction was stopped by adding DMEM (Sigma) supplemented with 10% fetal bovine serum. 1 × 10^5^ BMSCs were cultured in 20 mL culture medium consisting of DMEM/F12 at a ratio of 1:1, 10% fetal bovine serum, and 50 μg/mL ascorbic acid for 14 days. The culture medium was replaced every 2 days.

Establishment of a rat model of spinal cord injury {#sec2-3}
--------------------------------------------------

Forty-eight rats were anesthetized by intraperitoneal injection of pentobarbital (30 mg/kg) and the spinal cord was exposed at T~9--10~ level by laminectomy. The exposed spinal cord was damaged by a 10 g metal subject dropping from the height of 5 cm and a moderate contusion was induced (Panepucci et al., 2004). The rats with acute spinal cord injury were equally and randomly divided into spinal cord injury, BMSCs and BMSCs + NT-3 groups. 10 μL NT-3-tansfected BMSCs (1 × 10^5^/μL) and 10 μL extracellular matrix gel were injected into the injured spinal cord *via* a microinjector. All animals were given appropriate antibiotics and analgesic.

Tracing of BMSCs transplanted into injured spinal cord by enhanced green fluorescence protein (EGFP) fluorescence {#sec2-4}
-----------------------------------------------------------------------------------------------------------------

Sections of injured T~10~ spinal cord were treated with 5% bovine serum albumin in PBS, 0.02% Triton X-100 (PBS-T) for 4 hours and then incubated in rabbit anti-EGFP (1:200; Sigma) overnight at 4°C. Sections were double labeled with tyrosine hydroxylase (TH). Following three washes in PBS-T, sections were incubated overnight with Alexa 488 goat anti-chicken (1:2,000) and 568 goat anti-rabbit (1:1,000) or 555 goat anti-rat (1:1,000) secondary antibodies. When using chicken anti-TH, Alexa 568 goat anti-chicken (1:1,000) and 488 goat anti-rabbit (1:200) were used. Sections were observed using a fluorescence microscope (Olympus, Tokyo, Japan).

TUNEL for apoptosis in spinal cord anterior horn motor neurons {#sec2-5}
--------------------------------------------------------------

Four weeks after transplantation, spinal cord was cut at 5 mm away from the contused site and fixed in a 10% formalin solution for 2 hours, embedded in paraffin, and consecutively sliced into sections at 5 μm thickness. Apoptosis was detected by TUNEL assay (Boster, Wuhan, China). The TUNEL reaction mixture was dropped onto the spinal cord sections and incubated for 1 hour at 37°C under parafilm. TUNEL positive cells (apoptotic spinal cord anterior horn motor neurons) were analyzed under a light microscope (Olympus, Tokyo, Japan). Five damaged areas per section were randomly selected under non-overlapping × 400 field of view. The number of total apoptotic spinal cord anterior horn motor neurons stained with yellow dye was calculated. Spinal cord anterior horn motor neuron apoptotic rate (%) = number of apoptotic cells/number of total cells × 100%.

Statistical analysis {#sec2-6}
--------------------

Statistical data were analyzed using SPSS 17.0 software (SPSS, Chicago, IL, USA) and expressed as mean ± SD. Differences between groups were compared using two-sample *t*-test, and a level of *P* \< 0.05 value was considered statistically significant.

Results {#sec1-3}
=======

Characteristics of BMSCs transfected with NT-3 {#sec2-7}
----------------------------------------------

The cultured BMSCs appeared flattened and spindle-shaped. In culture, BMSCs adhered to the culture flask within 1--3 hours. Adherent cells were round, and small cytoplasmic projections were seen after 24 hours. At 72 hours, adherent cells multiplied and developed toward single fiber cells and cell clumps were observed. After transfection with NT-3, BMSCs visibly proliferated, grew rapidly and had stretched single long spindles. Three days later, the number of NT-3 transfected BMSCs was significantly greater than that of BMSCs cultured alone (*P* \< 0.05; [**Figure 1**](#F1){ref-type="fig"}).

![The number of bone marrow mesenchymal stem cells (BMSCs) transfected with or without neurotrophin-3 (NT-3) during culture.\
After 3 days, the number of BMSCs transfected with NT-3 was significantly higher than that of non-transfected with NT-3 (*P* \< 0.05). The data were expressed as mean ± SD and analyzed using two-sample *t*-test.](NRR-9-1520-g001){#F1}

NT-3 transfection increased the number of BMSCs transplanted into injured spinal cord {#sec2-8}
-------------------------------------------------------------------------------------

Four weeks after transplantation, fluorescence microscopy showed that the NT-3 + BMSCs group had a greater number of BMSCs in the injured spinal cord compared with the spinal cord injury and BMSCs groups (*P* \< 0.05; [**Table 1**](#T1){ref-type="table"}). The morphology of cells in the BMSCs + NT-3 group was regular, while the shape of cells in the other two groups was irregular ([**Figure 2**](#F2){ref-type="fig"}).

###### 

Number (× 10^5^) of bone marrow mesenchymal stem cells (BMSCs) in the injured spinal cord in rats

![](NRR-9-1520-g002)

![Expression of enhanced green fluorescent protein (EGFP; green fluorescence) in the bone marrow mesenchymal stem cells (BMSCs) transplanted into the injured spinal cord at 4 weeks after transplantation (fluorescence microscope, × 200).\
EGFP expression was significantly greater in the BMSCs + neurotrophin-3 group (C) than in the spinal cord injury (A) and BMSCs groups (B). The expression was lowest in the spinal cord injury group.](NRR-9-1520-g003){#F2}

NT-3 transfection decreased apoptosis of motor neurons in anterior horn spinal cord {#sec2-9}
-----------------------------------------------------------------------------------

TUNEL staining showed that at 4 weeks after transplantation, the number of apoptotic motor neurons in the spinal cord anterior horn in the BMSCs + NT-3 and BMSCs groups was significantly reduced compared with the spinal cord injury group (19.84 ± 0.63% and 30.14 ± 1.02% *vs.* 41.67 ± 1.48%, *P* \< 0.05; [**Figure 3**](#F3){ref-type="fig"}).

![Apoptosis of motor neurons in spinal cord anterior horn at 4 weeks after transplantation (TUNEL staining, × 400).\
(A--C) Spinal cord injury, bone marrow mesenchymal stem cells (BMSCs), and BMSCs + neurotrophin-3 (NT-3) groups. Apoptotic cells in the spinal cord anterior horn exhibited yellow-brown nuclei. The number of apoptotic cells was lowest in the BMSCs + NT-3 group but highest in the spinal cord injury group.](NRR-9-1520-g004){#F3}

Discussion {#sec1-4}
==========

BMSCs transplanted into the injured spinal cord can enhance axonal regeneration and promote functional recovery in animals. BMSCs exhibit multi-differentiation potential, and autologous transplantation of BMSCs can overcome problems of ethics and immune rejection (Alto et al., 2009; Smith et al., 2009; Oda et al., 2014). Thus, BMSCs have been used in cell therapy and gene therapy of many diseases. There is evidence that BMSCs can be induced to differentiate into nerve cells *in vitro* and they can promote nerve fiber regeneration in the injured spinal cord after transplantation (Langworthy and Appel, 2012; Saito et al., 2012; Lin et al., 2013; Vawda and Fehlings, 2013). BMSCs express substrate matrix metalloproteinases and play an important role in the repair of spinal cord injury (Alexanian et al., 2008; Yip and Malaspina, 2012; Dasari et al., 2014). Previous studies have demonstrated that BMSCs can promote local angiogenesis and vascular remodeling, phagocytosis and immune regulation to inhibit apoptosis (Alexanian et al., 2008; Yip and Malaspina, 2012; Dasari et al., 2014).

BMSCs can be induced to differentiate into neurons and neuroglia that can migrate to the damaged region and generate many neurotrophic factors and receptors, which can promote the repair of injured spinal cord neurons and inhibit the formation of nerve regeneration cicatrix (Fan et al., 2011; Saito et al., 2012). Some studies have reported that BMSCs have the ability to regenerate and repair the spinal cord injury (Gou et al., 2010; Harvey and Chopp, 2013).

Owing to the presence of a growth-inhibitory environment associated with reactive astrocytes and myelin on the host side of the graft-host interface, axon regeneration fails when axons depart from the transplants and back into the host spinal cord (Zhang et al., 2009; Kan et al., 2010; Song et al., 2014). Thus, strategies emphasizing additional treatments within the caudal host spinal cord, including providing attractive cues, are essential to reconstruct new functional circuits across the spinal cord injury (Awad et al., 2013). The present results show that transfection with NT-3 can increase the number of BMSCs transplanted into the injured spinal cord and reduce the apoptotic cells in the spinal cord anterior horn compared with those cells without NT-3 transfection.
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